2 The abbreviations used are: ES, embryonic stem; EB, embryoid body; PRC1, polycomb-repressive complex 1; PRC2, polycomb-repressive complex 2; sgRNA, single guide RNA; PcG, polycomb group; Ck2, casein kinase 2; LIF, leukemia inhibitory factor; qPCR, quantitative PCR; SMA, smooth muscle actin; GO, gene ontology; 5FMC, five friends of methylated Chtop; H2AK and H3K, histone 2A and 3 lysine, respectively.
Polycomb group (PcG) proteins are epigenetic transcriptional repressors that orchestrate numerous developmental processes and have been implicated in the maintenance of embryonic stem (ES) cell state. More recent evidence suggests that a subset of PcG proteins engages in transcriptional activation in some cellular contexts, but how this property is exerted remains largely unknown. Here, we generated ES cells with single or combined disruption of polycomb group RING finger protein 3 (Pcgf3) and Pcgf5 with the CRISPR-Cas9 technique. We report that although these mutant cells maintained their selfrenewal and colony-forming capacity, they displayed severe defects in mesoderm differentiation in vitro and in vivo. Using RNA-seq to analyze transcriptional profiles of ES cells with single or combined Pcgf3/5 deficiencies, we found that in contrast to the canonical role of the related polycomb repressive complex 1 (PRC1) in gene repression, Pcgf3/5 mainly function as transcriptional activators driving expression of many genes involved in mesoderm differentiation. Proteomic approaches and promoter occupancy analyses helped to establish an extended Pcgf3/5 interactome and identified several novel Pcgf3/5 interactors. These included testis-expressed 10 (Tex10), which may directly contribute to transcriptional activation via the transcriptional co-activator p300. Furthermore, Pcgf3/5 deletion in ES cells substantially reduced the occupancy of Tex10 and p300 at target genes. Finally, we demonstrated that Pcgf3/5 are essential for regulating global levels of the histone modifier H2AK119ub1 in ES cells. Our findings establish Pcgf3/5 as transcriptional activators that interact with Tex10 and p300 in ES cells and point to redundant activity of Pcgf3/5 in pluripotency maintenance.
Embryonic stem (ES) 2 cells are characterized by their capacity to self-renew and to differentiate into almost all cell lineages of the body and provide a valuable tool for studying developmental processes in vitro (1, 2) . A large body of evidence suggests that PcG proteins are the essential epigenetic regulators involved in ES cell pluripotency and differentiation (3, 4) . The PcG was originally described as a set of genes responsible for controlling proper body segmentation in Drosophila (5) , by maintaining a transcriptionally repressed state of Hox gene expression (6) . In mammals, PcG proteins mediate developmental gene silencing via the formation of at least two distinct protein complexes known as PRC1 and PRC2 (7, 8) . PRC2 consists of the core subunits Eed, Suz12, and Ezh1/2 and di-and trimethylates histone H3 at lysine 27 (H3K27me2/3) (9) . PRC1 contains the E3 ligases Ring1A/B, which monoubiquitinate lysine 119 at histone H2A (H2AK119ub1) (10) . PRC1 can be distinguished based on their subcomponent composition as canonical and non-canonical PRC1. According to this classification, canonical PRC1s contain Cbx proteins (Cbx2/4/6/7/8), Phc1/2/3, Pcgf2/4, and Ring1A/B. By contrast, non-canonical PRC1s contain Rybp or Yaf2 instead of Cbxs (11) . Further diversification of PRC1 emerges from the mutually exclusive association of Ring1A/B with Pcgf1-6. There are at least six different groups of PRC1 complexes, PRC1.1-1.6, each comprising one of six Pcgf (12) . Pcgf3 and Pcgf5 have been characterized as a key component of non-canonical PRC1.3 and PRC1.5, respectively, both of which share Ring1A/B, Rybp/Yaf2, casein kinase 2 (Ck2), and Auts2 (autism susceptibility candidate 2) observed in 293T-REx cells (12) . Recently, increasing evidence suggests that some PcG complexes act as transcriptional activators, indicating that the initial classification of PcG proteins as transcriptional repressors may not be generally applicable (13) (14) (15) . However, the underlying mechanism of PcG-mediated gene activation remains largely unknown. Of note, Auts2, a component of PRC1.5, has recently been shown to render this complex capable of activating transcription through its recruitment of Ck2 and interaction with p300 in developing neuronal cells (16) . Although recent studies implicate L(3)73Ah, a homolog of mammalian Pcgf3, in regulating global H2AK118ub1 level in Drosophila, by forming a dimer with Ring1 (17), the function of Pcgf3 and Pcgf5 in mammals remains to be determined.
Here, we generated ES cells with single or combined disruption of Pcgf3/5 via CRISPR/Cas9-mediated genetic engineering. We showed that although Pcgf3 or Pcgf5 mutant cells are viable and retain their typical undifferentiated ES cell morphology, loss of Pcgf3 or Pcgf5 impairs proper differentiation of ES cells into mesoderm in vitro and in vivo. Additionally, Pcgf3/5 protein complexes in ES cells are purified using a biochemicalbased affinity purification and subsequently analyzed by means of MS. We find that Pcgf3/5 can form novel non-canonical PRC1 complexes that contain Ck2s (Ck2a1, Ck2a2, and Ck2b) and Tex10 in ES cells. Finally, we show that p300 is recruited to Pcgf3/5 target genes through its interaction with Tex10 and might contribute to transcriptional activation.
Results

Pcgf3/5 are not essential for ES cell self-renewal
To explore the function of Pcgf3 and Pcgf5 in the maintenance of ES cells, we first generated Pcgf3 or Pcgf5 knockout ES cell lines using the CRISPR/Cas9 technique (18) . To delete the region encoding the RING finger motif and introduce a frameshift, we designed two single guide RNAs (sgRNAs) specifically flanking exon 2 of the mouse Pcgf3 or Pcgf5 gene. Independent ES cell clones were isolated, and genomic deletions were confirmed by PCR with primers outside the expected cleavage site (19) (Fig. S1 ). Western blot analysis revealed complete loss of Pcgf3 or Pcgf5 proteins in targeted deletion mutant ES cells, and no truncated proteins were detected ( Fig. 1A ). Pcgf3 and Pcgf5 share 57.9% amino acid homology and are found in complexes with similar subunit composition (see below). To test for possible functional redundancy between Pcgf3 and Pcgf5 in ES cells, we also generated ES cells with double knockout of the genes for Pcgf3 and Pcgf5.
ES cells with single or double knockout of Pcgf3/5 were viable and retained the normal ability to form a typical undifferentiated ES cell colony after being seeded on mitomycin-C-irradiated mouse embryonic fibroblasts. Furthermore, colony size of different mutants was comparable with that of wild type (Fig. 1 , B and C). Immunoblotting of the pluripotent factors indicated that knockout of Pcgf3, Pcgf5, or both in ES cells did not significantly alter the protein levels of the core pluripotency markers Oct4, Nanog, and Sox2 ( Fig. 1D) , consistent with the undifferentiated morphology observed in these mutants. Notably, an identical phenotype was obtained from each of the four independently derived clones of ES cells deficient in Pcgf3/5 either alone or together ( Fig. S1 ). In addition, a very similar phenotype was observed in Pcgf2 (Mel18) or Pcgf4 (Bmi1), core components of canonical PRC1 complexes PRC1.2 and PRC1.4, respectively, knockout ES cells ( Fig. 1B and Figs. S2 and S3). These observations, together with our previous findings (19, 20) , strongly suggest that all PCGF family members except for Pcgf6 are dispensable for the self-renewal of ES cells.
Pcgf3/5 are necessary for mesoderm differentiation
Embryoid bodies (EBs) mimic early development of the embryo and are often used as an in vitro differentiation assay to test ES cell pluripotency (21) . Our previous study revealed that loss of Pcgf1 severely impairs ES cell differentiation in vitro, mainly due to a failure to initiate the proper differentiation Pcgf3/5 activate transcription in embryonic stem cells program, and Pcgf6 mutant ES cells display skewed differentiation toward endoderm lineage in EBs (19, 20) . Additionally, Pcgf2 has been described as being important for cardiac development and differentiation in vitro by knockdown of Pcgf2 in ES cells (22) . To test whether Pcgf3 or Pcgf5 plays a role in ES cell differentiation, the mutant and wild-type ES cells were cultured without feeder cells and leukemia-inhibitory factor (LIF) to aggregate in hanging drops to form EBs. Specifically, wildtype, Pcgf3/5 single and double knockout ES cells were cultured in hanging drops for 3 days and subsequently maintained in rotating conditions without LIF, where cells differentiated into the three germ layers (ectoderm, mesoderm, and endoderm). EB morphology was examined by microscopy ( Fig. 2A ). As shown in Fig. 2B , the mutant ES cells retained their ability to form EBs of a size similar to those derived from control cells. Total RNA was isolated from ES cells and EBs at 3, 7, and 12 days of culture, followed by quantitative real-time RT-PCR (qPCR) analysis of core pluripotency gene transcript levels as well as markers of lineage-specific differentiation. Expression of the core pluripotency markers Oct4 and Nanog was efficiently down-regulated, whereas the lineage-specific differentiation markers, including endodermal (Gata6 and Foxa2), ectodermal (Fgf5 and Nestin), and mesodermal (Brachyury, Flk1, and Nkx2-5) markers, were up-regulated during the differentiation process, consistent with the onset of the differentiation program in both mutant and wild-type cells. Importantly, throughout mutant EB culture, all mutants showed markedly decreased expression levels of mesoderm markers with respect to control EBs, whereas no differences in the levels of endoderm and ectoderm markers were observed between mutants and wild type ( Fig. 2C ), indicating that Pcgf3/5 are necessary for proper mesodermal lineage differentiation during EB culture. Notably, Pcgf3/5 double knockout EBs displayed more pronounced decrease in the expression of mesoderm markers than any of the corresponding single mutants, suggesting that Pcgf3/5 have partially redundant functions during EB differentiation ( Fig. 2C ). We also checked the protein levels of those germ layer markers in differentiated EBs and found that protein levels of mesoderm markers, including Brachyury and Flk1, were dramatically decreased in differentiated EBs at day 12 with respect to control ( Fig. S4 ). However, no differences in the protein levels of ectoderm marker Nestin were observed between mutants and wild type. Remarkably, lentiviral expression of FLAG-tagged Pcgf3/5 was able to rescue the protein levels of mesoderm markers to levels similar to those in control cells ( Fig. S4) , indicating that the observed differentiation phenotypes are caused by Pcgf3/5 deficiencies. Furthermore, to assess whether Pcgf3/5 knockout ES cells give rise to terminally differentiated cells, these cells were subcutaneously injected into immune-deficient mice. Immunohistochemistry of wildtype ES cell-derived teratomas with antibody specific to ␣-smooth muscle actin (SMA; mesoderm marker) revealed large numbers of SMA-positive cells, whereas teratomas derived from ES cells with Pcgf3/5 single or combined loss had marked decreases in SMA-positive cells. Notably, Pcgf3/5 ablation has no effect on endoderm and ectoderm specification, as evidenced by TROMA1 and GFAP staining, respectively ( Fig.  S5 ). Taken together, Pcgf3 and Pcgf5 have a redundant but essential role in ES cell mesoderm differentiation in vitro and in vivo.
Figure 2. Pcgf3/5 null ES cells display defective mesoderm differentiation in vitro.
A, morphology and characterization of EBs of the indicated genotypes at days 3, 7, and 12 in suspension culture. Images were taken at ϫ40 magnification. B, bar graphs indicate the mean diameters of 20 random EBs of the indicated genotypes. Data represent the average of three independent experiments. C, RT-qPCR of selected genes in ES cells and differentiated EBs at days 3, 7, and 12. Of note, genes related to mesoderm differentiation (Brachyury, Flk1, and Nkx2-5) were strongly down-regulated in mutant EBs. Expression was normalized to the housekeeping gene ␤-actin. Error bars, S.D. Bar graphs represent the mean of three independent biological repeats. p values were from Student's t test analysis. Notably, four independently derived ES cell clones deficient in Pcgf3/5 either alone or together had been analyzed with similar results in each of the assays described in this figure.
Pcgf3/5 positively regulate transcriptional activity in ES cells
To probe the molecular mechanisms that underlie the differentiation phenotypes of Pcgf3/5-null ES cells, RNA extracted from Pcgf3 Ϫ/Ϫ , Pcgf5 Ϫ/Ϫ , Pcgf3 Ϫ/Ϫ /Pcgf5 Ϫ/Ϫ , and wild-type ES cells was subjected to RNA-seq. Total mRNA from two independent biological replicates of Pcgf3 Ϫ/Ϫ , Pcgf5 Ϫ/Ϫ , and Pcgf3 Ϫ/Ϫ /Pcgf5 Ϫ/Ϫ cells were used for paired-end sequencing. As shown in Table S3 , 318 differentially expressed genes were determined by comparing the Pcgf3 knockout and wild-type ES cells (102 up-regulated and 216 (68%) down-regulated genes), as determined by 2-fold cut-off, whereas 279 genes between the Pcgf5 knockout and wild-type ES cells were differentially expressed (80 up-regulated and 199 (71%) down-regulated genes) ( Fig. 3, A and B) . Notably, the Pcgf3 Ϫ/Ϫ and Pcgf5 Ϫ/Ϫ lists also exhibited significant overlap with each other (Fig. 3C ). Analysis of the transcriptional profiling of Pcgf3/5 double mutant revealed a 30% increase in the number of genes significantly differentially expressed in the double mutant compared with the Pcgf3/5 single mutants (346 Pcgf3/5-dependent genes compared with 318 Pcgf3 or 279 Pcgf5-dependent genes) ( Fig.  3C ). Moreover, Ͼ70% of the genes significantly differentially expressed in the double mutant were down-regulated compared with wild type ( Fig. 3A and Table S3 ). Based on gene ontology (GO) term analysis, there is no significant enrichment for specific functional categories or cellular processes within the Pcgf3/5-repressed genes. However, GO analysis of the down-regulated genes in Pcgf3 Ϫ/Ϫ or Pcgf5 Ϫ/Ϫ , especially Pcgf3/5 double mutants, scored them as being statistically associated with mesoderm differentiation genes (e.g. cartilage development, blood vessel morphogenesis, and heart morphogenesis) ( Fig. 3D ), suggesting a particular role for Pcgf3/5 in mesoderm cell fate. Thus, these results strongly suggest that Pcgf3/5 predominantly act as transcriptional activators in ES cells. Overall, our data not only support the conclusion that Pcgf3 and Pcgf5 largely regulate the similar set of downstream genes, but also provide a molecular interpretation for the redundancy of Pcgf3 and Pcgf5 in ES cell differentiation.
Characterization of the PRC1.3 or PRC1.5 complex in ES cells
Previous proteomic approaches identified Pcgf3 and Pcgf5 as components of non-canonical PRC1 complexes designated as PRC1.3 or PRC1.5, respectively, which contain Ring1B associated with Ck2, Rybp, and Auts2 in 293T-REx cells (12) . To address the composition of PRC1.3 or PRC1.5 complexes in ES cells, we stably expressed a C-terminal FLAG-tagged form of Pcgf3 or Pcgf5 in Pcgf3 Ϫ/Ϫ or Pcgf5 Ϫ/Ϫ ES cells, respectively; affinity-purified it from nuclear extracts; and then used mass spectrometric analysis to determine associated proteins. MS analysis showed that Pcgf3/5 were strongly associated with core components of PRC1, including Ring1A/B, Rybp, and its homologue Yaf2, along with Wdr68, Fbrs, and casein kinase 2 (Ck2a1, Ck2a2, and Ck2b), which are unrelated to PRC1 (Fig. 4, A and  B) . As reported previously, Pcgf5 interacted with Auts2 in neurons and 293T-Rex cells (12, 16) ; however, we failed to detect any Auts2 from the Pcgf3/5 immunoprecipitates. As is consistent with previous studies, Pcgf3 and Pcgf5 were mutually exclusive, given that immunoprecipitation of Pcgf3 did not recover Pcgf5 and vice versa (Fig. 4, B and C) . 
Pcgf3/5 activate transcription in embryonic stem cells
Next, immunoprecipitation experiments performed with nuclear extract of mutant ES cells reexpressing FLAG-tagged Pcgf3 or Pcgf5 and antibody against FLAG confirmed Pcgf3 or Pcgf5 association with Ring1A/B, Rybp, Ck2s, Tex10, Las1L, and Pelp1. As expected, other PcG components not associated with PRC1.3 or PRC1.5, such as Pcgf6 and Suz12, comprising PRC1.6 and PRC2, respectively, did not precipitate with Pcgf3 or Pcgf5 (Fig. 4C ). To further confirm the interaction between Pcgf3/5 and Ck2s, we performed a reverse co-immunoprecipitation assay, with the results showing Pcgf3/5 but not Pcgf6 protein existing in the complex pulled down by the anti-FLAG antibody in wild-type ES cells stably expressing FLAG-tagged Ck2s (Ck2a1, Ck2a2, and Ck2b). Notably, our experiments showed that all Ck2 proteins (Ck2a1, Ck2a2, and Ck2b) interact with Pcgf3 and Pcgf5 by an immunoprecipitation assay ( Fig.  4D ), although some were missed in our mass spectrometric analysis (Fig. 4B ). Most importantly, several proteins, including Tex10, Las1L, and Pelp1, were also recovered in Pcgf3 or Pcgf5 immunoprecipitates (Fig. 4C) . Interestingly, Tex10, Las1L, and Pelp1 together with Senp3 and Wdr18 form a previously characterized complex referred to as five friends of methylated Chtop (5FMC) (23) . Reciprocal immunoprecipitation was performed to verify the interaction between Pcgf3/5 and 5FMC complex in ES cells. Immunoprecipitation of FLAG-Tex10 in ES cells stably expressing FLAG-tagged Tex10 allowed the coprecipitation of Las1L, Pelp1, and Pcgf3/5, as evidenced by Western blotting analysis. Additionally, p300 was found in Tex10 precipitates (Fig. 4E) , consistent with a previous study showing the interaction between Tex10 and p300 to control the histone acetylation (24) . In summary, we have widened the set of multiunit Pcgf3/5 complexes in ES cells, and the new interactors, especially Tex10, Las1L, and Pelp1, might render these complexes capable of activating transcription not typically characterized as PcG functions.
Pcgf3 and Pcgf5 are essential for the recruitment of PRC1.3 or PRC1.5 complex to target genes
As mentioned above, Pcgf3/5 predominantly activate transcription in ES cells, and mass spectrometric analysis further revealed that the Pcgf3/5 complex contains components involved in transcription activation. However, the contributions of these new components to Pcgf3/5-mediated transcription remain to be determined. To examine the local impact of Pcgf3/5 on chromatin features at promoters, we probed a panel of target genes enriched in mesodermal differentiation (Wisp1, Lhx9, Acta1, Sp5, Meis1, and Tgfb1), selected from genome- 
Pcgf3/5 activate transcription in embryonic stem cells
wide RNA-seq analysis, whose expression was down-regulated after Pcgf3/5 deletion. In particular, Wisp1 is involved in the migration and proliferation of vascular smooth muscle cells (25) . Lhx9 is implicated in the correct development of many organs, including gonads, limbs, and heart (26 -28) . Acta1 is found in muscle tissues and is a major constituent of the contractile apparatus (29) . Sp5 is dynamically expressed during development and genetically interacts with Brachyury (30) . Meis1 is required for definitive hematopoiesis and vascular patterning (31) . Tgfb1 is required for hematopoiesis and endothelial differentiation (32) . Their differential expression and Pcgf3/ 5-binding status in undifferentiated and differentiating ES cells were verified by RT-qPCR and ChIP-qPCR analyses (Fig. 5 (B  and C) and Fig. S6 ).
Next, we probed promoters of these Pcgf3/5 target genes for the presence of key components of PRC1.3 or PRC1.5 complex. Indeed, Ring1B, Rybp, and Tex10 were highly enriched at these target gene promoters (Fig. 5D ), strongly suggesting that Pcgf3/5 and their associated PRC1 complexes target the developmental genes directly in ES cells. As Pcgf3/5 can physically associate with the PRC1.3/5 core components and also co-occupy the promoters of developmental genes in ES cells, it may contribute to the recruitment of these complexes to the promoters of these target genes. To investigate this possibility, we performed ChIP-qPCR analyses for Ring1B and Rybp under control and Pcgf3/5 single-or double-deleted conditions and compared their promoter occupancy. ChIP data indicated that recruitment of Ring1B was minimally or moderately affected by single or combined loss of Pcgf3/5, respectively (Fig. 5D ). Consistent with the role of PRC1 in histone H2A ubiquitination, ChIP-qPCR analysis showed that the H2AK119ub1 levels at the target sites were also marginally or dramatically reduced in ES cells with Pcgf3/5, single or double knockout, respectively (see below). Of note, ChIP data indicated that recruitment of Rybp and Suz12 as well as H3K27me3 was generally not affected by loss of either protein individually or in combination (see below).
Most importantly, the deletion of both Pcgf3 and Pcgf5 also led to a strong reduction of Tex10 and transcriptional coactivator p300, a histone acetyltransferase, binding to target genes and, consistent with this, to a reduction in mRNA levels of the target genes (Fig. 5, B and D) . In line with this, we found that deletion of Pcgf3/5 reduced enrichment of H3K27ac modifications on their targeting promoters (see below). As Pcgf3/5 disruption did not affect the global level of Ring1B, Tex10, or p300 (Fig. 5A) , the most reasonable explanation for the decreased promoter occupancy of these components is that Pcgf3/5 contribute to their recruitment. These conclusions were further supported by analysis of the enrichment of Tex10, H3K27ac, and p300 on the promoters of Pcgf3/5 targeting genes in differentiating ES cells (Fig. S6 ). Taken together, the above results demonstrate that Pcgf3/5 are capable of mediating the recruitment of a PRC1.3 or PRC1.5 complex to developmental genes 
to activate their expression in ES cells. These data also suggest that Pcgf3 and Pcgf5 share a substantial degree of functional redundancy in recruitment of the complex to chromatin, consistent with the exacerbated mesodermal defects observed in Pcgf3/5 double knockout EBs.
Tex10 has recently been reported to be critical in pluripotency and reprogramming via epigenetic regulation of superenhancer activity (24) . To explore the possibility that Pcgf3/5 may cooperate with Tex10 in modulating the superenhancer activity, we examined the enrichment of Sox2, H3K27ac, Tex10, and Pcgf5 in the superenhancer regions of Oct4, Nanog, Sox2, and Esrrb loci. We found that these superenhancers are targeted by Sox2, H3K27ac, and Tex10, reinforcing the notion that Tex10 may contribute to ES cell-specific superenhancer activity (Fig.  S7A ). Pcgf5, however, was not detected in the regions of these selective superenhancers, suggesting that Pcgf3/5 may regulate ES cell functions in a superenhancer-independent manner. Supporting this, Sox2 was not detected at Pcgf3/5 target promoters, as evidenced by a ChIP assay (Fig. S7B) . Intrigued by Tex10 and its physical interaction with Pcgf3/5, we sought to generate Tex10 knockout ES cell lines and compare them with Pcgf3/5-deficient cells. Homozygous Tex10 knockout ES cells generated by CRISPR/Cas9-mediated genome editing were unable to form compact colonies on feeder cells (Fig. S8) . To circumvent the lethality associated with complete loss of this gene, we are generating ES cells with a conditionally targeted Tex10, which should allow us to test the functional cooperation between Pcgf3/5 and Tex10 in the future.
Loss of Pcgf3/5 leads to substantially reduced levels of H2AK119ub1 in ES cells
PRC1 complexes share a common core heterodimer Ring1A/ B and Pcgf1-6 with potential for monoubiquitination of his-tone H2A at lysine 119 (33) . This raises the possibility that individual PCGF family members might confer differing H2AK119ub1 E3 ligase activities on PRC1. Although it has been reported that global H2AK119ub1 levels were significantly reduced in Ring1A/B double knockout ES cells (34) , the role of PCGF in regulating H2A monoubiquitination remains to be examined. To determine whether PCGFs as non-catalytic components of PRC1 contribute to the H2AK119 ubiquitin E3 ligase activity, we isolated bulk histones from wild-type and PCGF mutant ES cells by acid extraction. As seen in Fig. 6 (A  and B) , the knockout of Pcgf3, Pcgf5, or both resulted in a 39, 29, and 52% decrease, respectively, in global levels of H2AK119ub1 as compared with wild-type cells, as evidenced by Western blotting. In contrast, no similar change was observed for H3K27me3. In addition, single or combined deletion of Pcgf2 and Pcgf4, components of canonical PRC1, unexpectedly did not exhibit a noticeable change in global H2AK119ub1 levels (Fig. 6, A and B) . Considering the reduced H2AK119ub1 levels at the target sites in ES cells with loss of Pcgf3/5, it is likely that the local H2AK119ub1 reduction in Pcgf3/5 Ϫ/Ϫ ES cells is probably also due to the reduction of global levels of H2AK119ub1 in addition to the decreased gene-specific Ring1B binding (Fig. 6C ). Our observation is consistent with studies in cultured Drosophila cells, which show that L(3) 73Ah, an orthologue of mammalian Pcgf3, contributes widely to H2AK118ub1 (17) . Also consistent with a function of Pcgf3/5 in the establishment of H2AK119ub1, Pcgf5-deficient hematopoietic stem and progenitor cells display a significant reduction in H2AK119ub1 levels compared with the control (35) . Together with our previous finding that Pcgf1 and Pcgf6 are dispensable for the maintenance of H2AK119ub1 in ES cells (19, 20) , these results suggest that of the PCGF family members, 
Discussion
PRC1 proteins are well-known to be associated with transcriptional repression through epigenetic mechanisms, including histone modification H2AK119ub1 and chromatin compaction (36, 37) . Genetic evidence suggests that the canonical PRC1 (PRC1.2 and PRC1.4) is required for transcriptional repression (7) . A canonical PRC1 complex contains one of five different Cbx protein subunits (Cbx2/4/6/7/8) that specifically interact with H3K27me3 via its chromodomain and enable PRC1 recruitment to its target loci (38) . Despite the recent advances made in understanding the role of PcG complexes in the epigenetic regulation of gene repression involved in various developmental processes (7, 39) , how some of these complexes may interact with the general transcription machinery to contribute to the transcriptional activation remains elusive. In this study, we found that, in contrast to the canonical role of PRC1 in gene repression, Pcgf3/5 predominantly act as transcriptional activators driving expression of a number of genes involved in mesoderm differentiation. To obtain a better understanding of the role of Pcgf3/5 in transcriptional control of differentiation, we took a combined approach of immunoprecipitation followed by MS to shed light on the Pcgf3/5 interactome in ES cells (Fig. 4, B and C) . Besides known Pcgf3/5binding proteins, we also identified a set of additional proteins, of which three (Tex10, Las1L, and Pelp1) were of particular interest, due to the fact that they are often co-purified together as a part of the 5FMC (five friends of methylated Chtop) (23), Rix (40), Sox2 (24) , and MLL1/MLL (41) complexes, which play such essential roles as linking arginine methylation to desumoylation for transcriptional activation, regulating ribosome biogenesis, establishing the ground state of pluripotency in ES cells, and modulating H3K4 methylation levels, respectively. Additionally, PRC1.5 has also been reported to turn on gene expression through recruiting Ck2 and co-activator p300 by one of its core components, Auts2, in developing neuronal cells (16) . However, Auts2 was not detected in Pcgf3/5 precipitates in ES cells in the presence of overall normal expression levels of Auts2, suggesting that the natural variation in the composition of PRC1 complexes can engender PRC1 taking on unanticipated roles in coordinating cell type-and developmental stage-specific gene expression profiles. Overall, detailed mechanisms by which Pcgf3/5 control transcription in ES cells still remain unclear, and further investigations are needed to determine the influence of specific associated factors, especially the 5FMC members Tex10, Las1L, and Pelp1, on the activities of PRC1.3/5 complexes and their impact on PRC1-mediated transcriptional activation.
Pcgf3 and Pcgf5 as well as Pcgf1 have been demonstrated to contribute to H2AK119ub1-dependent recruitment of PRC2 and H3K27me3 modification in a de novo targeting assay in mouse ES cells (42) . Therefore, we expected to see decreased levels of H3K27me3 at the Pcgf3/5 target genes in ES cells with single or combined deletion of Pcgf3 and Pcgf5. However, although reduction in the levels of H2AK119ub1 at the Pcgf3/ 5-selected promoters was detected in these mutants, no signif-icant H3K27me3 change was observed. The molecular mechanism underlying this epigenomic alteration remains to be investigated in the future. Additionally, in ES cells with Pcgf3/5 single or combined loss, we identified moderately or drastically reduced, respectively, global and local levels of H2AK119ub1. It is worth bearing in mind that the E3 enzymatic activity of Ring1B is not essential for early mouse development and for global target gene (43) or Hox loci repression (44) in mouse ES cells and in Drosophila embryos (45) , which raises questions about the precise role of this posttranslational modification in transcriptional regulation and argues for a re-evaluation of this H2AK119ub1-PRC1 functional paradigm. Ongoing studies are aimed at understanding how this epigenomic alteration contributes to Pcgf3/5-mediated transcriptional activation during ES cell differentiation.
Experimental procedures
Construction of sgRNA-expressing plasmids and lentiviral expression vectors
The sgRNA expression plasmid (pX330, Addgene plasmid ID 42230) was used to generate targeting gene deletion in ES cells. To minimize off-targeting effects, the sgRNAs were designed by the CRISPR design tool (18) . The 20 oligonucleotide sequences that come before a 5Ј-NGG PAM sequence were selected to induce DNA double-strand breaks. A pair of annealed oligonucleotides was ligated into the BbsI-linearized sgRNA scaffold of pX330 vector. The sgRNA expression plasmids were verified by sequencing. To generate lentiviral expression vectors, the full-length cDNA for Pcgf3 (Q8BTQ0) and Pcgf5 (Q3UK78) was modified by integrating the sequence for a C-terminal FLAG tag (DYKDDDDK) into the reverse PCR primer, followed by cloning into pBluescript KS II. The resulting products were subcloned (NotI-BamHI) into lentiviral vector (46) . The complete coding sequence of all expression vectors was verified by sequencing.
Generation of mutant ES cells
The pair of sgRNA-expressing constructs were co-transfected with a plasmid encoding puromycin resistance into ES cells (B6 JN). 24 h after transfection, ES cells were selected by puromycin (2 g/ml) for 48 h and then seeded on mitomycinirradiated mouse embryonic fibroblasts on gelatinized tissue culture plates in DMEM supplemented with 15% ES cell fetal calf serum (ThermoFisher), LIF, non-essential amino acids (ThermoFisher), L-glutamine (ThermoFisher), 0.1 mM ␤-mercaptoethanol, and penicillin/streptomycin (ThermoFisher) as described (19) . Correctly targeted knockout ES cell clones were identified by genomic PCR analysis. Subsequently, the absence of the protein in established null ES cells is confirmed by Western blotting analysis.
Lentiviral supernatant production and infection
Lentiviral supernatants were prepared as described (46) . The ES cells were infected with lentiviral supernatants in the presence of Polybrene (Sigma; final concentration of 8 g/ml). After 24 h, the puromycin was used to screen positive ES cells.
Pcgf3/5 activate transcription in embryonic stem cells Embryoid body formation and analysis
Embryoid body formation was performed using the hanging drop assay as described (46) . First, ES cells were trypsinized and resuspended in Iscove's modified Dulbecco's medium without LIF (2 mM L-glutamine, penicillin/streptomycin, non-essential amino acids, 50 g/ml ascorbic, 200 g/ml iron-saturated holotransferrin, sodium pyruvate, 450 M monothioglycerol, and 15% ES cell fetal calf serum). 30 l (about 300 cells) was pipetted onto a Petri dish plate lid. Hanging drops were cultured for 3 days (37°C, 5% CO 2 ). After 3 days, EBs were collected and cultured on a rotating shaker. The images of EB morphology were taken by the Olympus system. Total RNA was collected at days 3, 7, and 12 and analyzed by RT-qPCR.
Affinity purification, immunoprecipitation, and mass spectrometry
Pcgf3 Ϫ/Ϫ or Pcgf5 Ϫ/Ϫ ES cells rescued with Pcgf3-FLAG or Pcgf5-FLAG, respectively, were used for the affinity purification experiment. Cell pellet was suspended in 5 ml of hypotonic lysis buffer (10 mM Tris-Cl, pH 8.0, 1 mM KCl, 1.5 mM MgCl 2 , 1 mM DTT, 0.2 mM PMSF, 10 mM Na 4 P 2 O 7 , 2 mM Na 3 VO 4 , 100 mM NaF, protease inhibitor mix (Sigma)) and incubated for 30 min on a rotator at 4°C. The suspension was then subjected to 10,000 ϫ g centrifugation at 4°C for 10 min. The resulting nuclear pellet was resuspended in 2 ml of nuclear lysis buffer (20 mM Tris-HCl, pH 8.0, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 1% Triton X-100, protease inhibitors). After rotation at 4°C for 30 min, the suspension was centrifuged at 12,000 ϫ g at 4°C for 30 min, and the supernatant was nuclear extract. For immunoprecipitation, 1.5 ml of nuclear extract was mixed with 3 ml of hypotonic lysis buffer and 100 l of prewashed M2 beads (A2220, Sigma). After rotation at 4°C overnight, the M2 beads were spun down at 2000 ϫ g at 4°C for 2 min. The beads were washed with wash buffer (two-thirds volume of hypotonic lysis buffer, one-third volume of nuclear lysis buffer) four times and then eluted with 50 l of FLAG peptides at 1 mg/ml in wash buffer by rotating at 4°C for 1 h three times. The eluates were resolved on SDS-PAGE, followed by Western blotting. For MS identification, the eluates were run into the SDS-polyacrylamide gel about 1 cm, stained by Coomassie Blue. The gel slice containing all proteins was cut and sent for liquid chromatography MS analysis (2D-NanoLC/TripleTOF5600).
Whole-cell lysates, histone extraction, and Western blotting analysis
ES cells were resuspended in radioimmune precipitation assay buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 2 mM Na 3 VO 4 , 100 mM NaF, 1 mM DTT, 10 mg/ml PMSF, and protease inhibitor mix (Sigma)). Lysates were incubated for 30 min on ice and precleared by centrifugation at 12,000 rpm at 4°C for 30 min. Proteins were separated by SDS-PAGE and analyzed by immunoblotting. Histone extraction was performed as described (47) . Briefly, ES cells were resuspended in 1 ml of hypotonic lysis buffer and incubated for 30 min on a rotator at 4°C. The intact nuclei were spun in a cooled tabletop centrifuge at 10,000 ϫ g for 10 min at 4°C. The nuclear pellet was resuspended in 200 l of 0.2 N HCl. Histone modifications were analyzed by Western blotting. A list of the antibodies used in this study is shown in Table S1 .
Expression analysis
Total RNA was harvested from ES cells or EBs using TRIzol (ThermoFisher). RT was carried out with 2 g of total RNA using oligo(dT), random hexamers, and Moloney murine leukemia virus reverse transcriptase (Invitrogen). Real-time PCR was performed using PowerUp TM SYBR Green Master Mix (Invitrogen) on StepOne TM software version 2.3 (Applied Biosystems). The mRNA level was normalized to ␤-actin. Primers for real-time qPCR are shown in Table S2 .
RNA-seq
RNA was prepared using the TRIzol reagent (Thermo-Fisher), following the manufacturer's recommendations. RNA was quantified using a NanoDrop-1000 spectrophotometer. Sequencing libraries were generated using the NEBNext Ultra TM RNA Library Prep Kit for Illumina (catalog no. E7530L, New England Biolabs) and then were sequenced on an Illumina Hiseq4000 platform and generated 150-bp paired-end reads. The sequencing data were mapped against the mm10 mouse genome assembly using TopHat version 2.0.12 (48) . The read counts of genes were counted by HTSeq version 0.6.0, and the expression levels of genes were calculated by FPKM (fragments per kilobase of transcript per million fragments mapped) (49). Next, differential gene expression analysis between wildtype and mutant ES cells was estimated by DESeq (version 1.16) (50) . Lists of up-and down-regulated genes in mutant as compared with wild-type samples are shown in Table S3 . In addition, RNA-seq data were deposited at the Gene Expression Omnibus under accession number GSE102774.
Teratoma formation and analysis
The experimental animal facility has been accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International, and the institutional animal care and use committee of the Model Animal Research Center of Nanjing University approved all animal protocols used in this study. Teratoma formation was performed as described previously (46) . Briefly, 1 ϫ 10 6 ES cells were injected subcutaneously into the flanks of nude mice. After 3 weeks, teratomas were excised and fixed in 4% phosphate-buffered formaldehyde overnight at 4°C. Paraffin-embedded tissue was sliced and stained with hematoxylin and eosin. Immunohistochemistry was performed by using antibodies listed in Table S1 .
ChIP
ChIP analysis was performed as described (46) . ES cells were cross-linked by the addition of fresh formaldehyde solution (37%) to a final concentration of 1% for 10 min at room temperature on a rotator. The reaction was quenched by adding glycine to a final concentration of 0.125 M. Cells were washed three times with ice-cold PBS and subjected to 2,000 ϫ g centrifugation at 4°C for 5 min. Cells were lysed in ChIP buffer (50 mM Tris, pH 8.0, 10 mM EDTA, 1% SDS, protease inhibitors) for 20 min on ice, and subsequently chromatin DNA was sheared into Pcgf3/5 activate transcription in embryonic stem cells small fragments (200 -1000 bp) by the Bioruptor system (Diagenode). For immunoprecipitation, 1 volume of chromatin solution was mixed with 4 volumes of ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.1 mM EDTA, 20 mM Tris-Cl, pH 8.0, 167 mM NaCl, protease inhibitors) and appropriate antibodies. Rabbit or mouse IgG was used as control. After rotation at 4°C for 2 h, immunocomplexes were captured with protein A/G-Sepharose overnight at 4°C. The beads were washed twice with low-salt buffer (150 mM NaCl, 20 mM Tris, pH 8.0, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate, protease inhibitors) and then washed with high-salt buffer twice. Immunocomplexes were eluted by eluent buffer (1% SDS, 100 mM NaHCO 3 ) at 65°C. DNA cross-linking was reversed by adding NaCl to a final concentration of 0.2 M at 65°C overnight, and then DNA was purified using a DNA gel extraction kit (Axygen). To prepare an input control, whole-cell extract DNA (reserved from the sonication step) was also treated by reverse cross-linking. Quantitative PCRs were performed using Pow-erUp TM SYBR Green Master Mix (ThermoFisher) on StepOne TM software version 2.3 (Applied Biosystems). The enrichment was calculated as 2 Ϫ⌬Ct , where ⌬Ct ϭ Ct(ChIP) Ϫ Ct(input). Primers utilized for ChIP are listed in Table S2 .
